Point sources exhibit low threshold electron emission due to local field enhancement at the tip. The development and implementation of tip emitters have been hampered by the need to position them sufficiently apart to achieve field enhancement, limiting the number of emission sites and therefore the overall current. Here we report low threshold field (< 0.1V/m) emission of multiple electron beams from atomically thin edges of reduced graphene oxide (rGO). Field emission microscopy (FEM) measurements show evidence for interference from emission sites that are separated by a few nanometers, suggesting that the emitted electron beams may be coherent.
INTRODUCTION
Electrons from a solid can be emitted into the vacuum by thermal excitation (i.e thermionic emission) 1 , decreasing the work function [2] [3] [4] [5] , or applying sufficiently large electric fields (i.e. field emission) 1, 6 . Most electron emitters such as x-ray sources utilize thermionic emission to generate high current electron beams but are problematic because they are unstable, bulky and cause heating of the surrounding device housing. Therefore cold cathode emitters that remain at room temperature and provide high emission current density at low electric fields are desirable. High aspect ratio materials such as carbon nanotubes and metallic tips exhibit excellent electron emission characteristics due to local field enhancement at the tip which decreases the barrier width, allowing electrons to tunnel into vacuum at low electric fields.
Although low threshold fields (~ 1V/m) have been reported for carbon field emitters of various types, careful experiments on individual or well separated emission sources have revealed that the onset of field emission is related only to the field enhancement factor ( = h/r where h is the height and r is the radius) and the work function (eV for sp 2 carbon) of the emitter [7] [8] [9] . In unique cases, however, low threshold field emission is possible in ultra smooth surfaces, due to intrinsically lower (or even negative) work functions. For example, hydrogenation of diamond leads to a negative electron affinity surface [3] [4] [10] [11] and low threshold field emission can be readily observed [12] [13] [14] . However low carrier concentration in the conduction band due to its large energy gap limits the overall emission current from diamond cathodes, precluding their implementation into applications such as x-ray tubes [15] [16] , microwave amplifiers 17 , and rocket thrusters [18] [19] [20] where high current density metallic cathodes that emit multiple closely packed electron beams at low threshold fields are required.
In addition to low threshold fields and high current densities, emission of coherent electron beams is also technologically desirable. In rare instances, when the emission sites are located within the phase coherence length of the cathode material, as in hemispherical cap of a multi-walled carbon nanotube [21] [22] or lithographically defined Pt tips that are located within ≤ 1nm of each other, coherent electron beams have been observed [23] [24] .
Here we demonstrate low threshold field emission from individual atomically thin reduced graphene oxide (rGO) sheets and show that it arises from a decrease in work function of the edge due to the creation of cyclic C-O-C ether groups in combination with geometric field enhancement. Furthermore the emission sites from rGO are densely packed, located only a few nanometers apart. Our investigation of the spatial distribution of emission sites with field ion microscopy (FIM) in combination with simulations of the emission patterns obtained using field emission microscopy (FEM) suggests that the emitted electron beams from several sites along the rGO edge interfere.
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RESULTS AND DISCUSSION
Most of the reported field emission studies from graphene or rGO based cathodes have included a large number of flakes of varying dimensions and orientations, obscuring the intrinsic emission characteristics and mechanisms of individual graphene and rGO sheets by averaging effects [25] [26] [27] [28] [29] [30] . In this study, we have fabricated field emitters consisting of individual rGO sheets prepared from suspensions of chemically derived graphene oxide (GO) [31] [32] , using a simple and reproducible methodology that results in individual vertically aligned rGO sheets (see Supplementary Information). The flakes were mounted on copper supports for the field emission experiments, as shown in Figure 1a . After cathode preparation, the flakes were annealed with repeated current induced heating prior to field emission measurements, thus thermally reducing the GO. This in-situ Joule heating or "preconditioning" step in field emission measurements is well known to heat carbon samples above ~1150 K, removing any adsorbed species that are present on the sample 8 .
Field emission experiments were conducted by applying a bias voltage between the rGO cathode and the imaging anode plate, which was positioned perpendicular to the cathode plane to ensure that the electron emission occurred from the rGO edge The electron emission site distribution along the atomically thin rGO edge was investigated with field ion microscopy (FIM) 1, 6 in which helium gas is physisorbed on to the cathode surface at liquid He temperatures and large negative bias is applied to the anode. Along the rGO edge where emission is most likely to occur, He gas molecules are ionized due to high field concentration and accelerated towards the Figure S6 .
A high resolution TEM image of the edge perturbed by a kink makes it possible to investigate its termination, as shown in Figure 3a . Based on the contrast difference between carbon and oxygen atoms in the TEM, we can deduce that the structure of the edge shown in Figure 3a consists of C-O-C cyclic ethers. An edge consisting of purely carbon atoms is shown in Figure 3b . The contrast intensity profile (without correcting for electron beam probe contributions) in Figure 3c shows a clear difference between the oxygen and carbon atoms with peaks corresponding to positions of oxygen atoms along the line in Figure 3a . In Figure 3d , such a contrast difference is not observed in an edge containing primarily carbon atoms. Using this information, the oxygen atoms are indicated along the edge in Figure 3e by red dots and a model of the structure shown in Figure 3f . These TEM observations are in excellent agreement with our recent IR spectroscopic investigation on similarly prepared GO 39 , which clearly revealed that upon thermal annealing, the oxygen functional groups form C-O-C cyclic ether groups at the sheet edges. In that work, the observation of a giant IR absorption peak at 800 cm -1 was critical to establish cyclic ether termination of atomically straight edges. The unusual absorption at 800 cm patterns on the phosphor screen were captured by a CMOS camera. Measurements were performed both at room temperature and at ~7 K.
For FIM, Micro Channel plate Photomultiplier (MCP) was placed in front of the phosphor screen between the anode and the sample to enhance the image visibility.
The sample was cooled down to ~7 K, and He gas was introduced into the chamber to allow its condensation onto the sample surface. A negative bias of ~10 kV was applied to ITO anode relative to the grounded graphene to induce field ionization of the He. The pressure during the FIM measurement was ~10 -3 Pa. The luminescence of the phosphor was captured by a CMOS camera. 0911197). 
